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Introduction 

A type of nitrogenous gum called "vapor-phase gum" 
been known to form in coke-oven gas. It is generally accept 

has long 
d that 

the formation of this gum is due primarily to the interaction of nitric 
oxide (SO), oxygen, and organic compounds such as the unsaturated 
hydrocarbons. Another type of nitrogenous gum is one that is formed 
in coke-oven gas under cryogenic conditions that also involves the 
interac-lo ifgic oxide, oxygen, and hydrocarbons. It is widely 
re cos r. - i: 2 d "" ' that NO by itself does not react with gum-forming 
hydrcc:.rbons; however, under cryogenic conditions the oxidation of NO 
or i:~ ,;mer, (NO)2, is rapid and the products of the oxidation, 
nitroci,; trioxide (N2O3) and nitrogen tetroxide (N2O4) , react with 
gun-forming hydrocarbons. In the liquid phase, ethylene is known to 
react with S2O3 and N2O4; however, such reactions are slow at low 
temperacdes. ' I 5 )  

primarily with cyclopentadiene and butadiene when present in liquid 
ethylene. It is the purpose of this paper to present the results of 
work undertaken to investigate the reactions, and the products of the 
reactions, of N2O3 and N2O4 with cyclopentadiene and butadiene in 
liquid ethylene. For comparison, some investigations were made in 
which liquid ethane was used in place of liquid ethylene. 

Generally it is assumed that nitrogen oxides react 

Materials and Experimental Work 

;.',e-,erials - All materials were obtained from The Matheson Company. 
Ethylex (99.5% minimum purity) and ethane (99.0% minimum) were 
puri5isc by passage through activated carbon. Butadiene and N2O3 
(both 59.0% minimum purity) and N2O4 (99.5% minimum) were used as 
receivad. Cyclopentadiene was freshly distilled as needed; mass- 
spectrometric analysis of the distilled material showed it to contain 
93.8 percent cyclopentadiene, 2.7 percent dicyclopentadiene, 2.9 
percent 1,3-cy,clohexadieneI 0.5 percent benzene, and less than 0.1 
percbnt toluene. 

ADparatus and Procedure - Liquid ethylene (or ethane) for the 
tests was prepared by passing the Matheson gas through activated 

-~ 
* See iieferences. 
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carbon and condensing it a t  a tmosphe r i c  p r e s s u r e  and,  a s  w e l l  a s '  
p o s s i b l e ,  i n  t h e  absence  o f  a i r .  A s  t h e  f i r s t  s t e p . i n  p r e p a r i n g  t h e  
guns ,  t h e  Pyrex condenser  and r e c e i v e r  w e r e  purged wi th  gaseous  
e t h y l e n e  (or e thane )  a n d  t h e  r e c e i v e r  was cooled  wi th  l i q u i d  n i t r o g e n .  
When cyc lopen tad iene  was c s e d ,  a weighed amount of  t h e  d i e n e  was 
i n j e c t e d  i n t o  t h e  r e c e i v e r  th rough a septum-covered p o r t  by means 
of  a s y r i n g e  and abou t  2 0 0  c u b i c  c e n t i m e t e r s  (cc) of l i q u i d  e t h y l e n e  
( o r  e t h a n e )  were t h e n  condensed i n t o  t h e  r e c e i v e r .  When bu tad iene  
was u s e c ,  it was more conven ien t  t o  condense t h e  l i q u i d  e t h y l e n e  
( o r  e t h a n s )  i n t o  t h e  r e c e i v e r  f i r s t  and t h e n  i n j e c t  a measured volume 
of  b u t a d i e n e  q a s - i n t o  t h e  l i q u i d  by means of  a g radua ted  s y r i n g e .  With 
e i t h e r  p rocedure ,  t h e  n e x t  s t e p  was t o  i n t r o d u c e  a measured volume of 
N20; o r  S2O4 i n t o  t h e  l i q u i d  w i t h  a g radua ted  s y r i n g e .  The fo l lowing  
?rocsd:ure was fo l lowed t o  minimize t h e  amount of n i t r o g e n  o x i d e - t h a . t  
e scapee  a s  vapor  d u r i n g  t h i s  o p e r a t i o n .  The s y r i n q e  t i p  ( a  po lye thy lene  
t u b e )  was i n se rked  i n t o  t h e  l i q u i d  and a sma l l  p o r t i o n  of  l i q u i d  w a s  
wi thdrawn i n t o  t h e  p a r t i a l l y  f i l l e d  s y r i n g e  c o n t a i n i n g  n i t r o g e n  ox ide ;  
this l i q u i d  vapor ized  and e x p e l i e d  t h e  n i t r o g e n  ox ide  from t h e  s y r i n g e .  
The o?era t iop .  was r e p e a t e d  s e v e r a i  t ines  t o  e n s u r e  t h a t  a l l  o f  t h e  
n i t roqGn o x i c e  was f l u s h e d  i n t o  t h e  receivzi- .  (With e t h y l e n e ,  t h e  
t e a p e r a t u r e  of t h e  r e a c t i o n  mix tu re  w a s  about  -105 s; w i t h  e t h a n e ,  t h e  
teangerature  of t h e  r e a c t i o n  mix tu re  was about  -9O.C.) A f t e r  1 5  minutes  
i n  t h e  r e c e i v e r ,  t h e  m i x t u r e  was p l a c e 2  i n  a l o o s e l y  covered v e s s e l  
and l s f t  t o  s t a n d  u n t i l  t h e  l i q u i d  evapora t ed  ( abou t  1 h o u r ) .  

Fo r  c o l o r i n e t r i c  examina t ions ,  t h e  gums remaining a f t e r  
e v a 9 o r a t i o n  of t h e  r e a c t i o n  m i x t u r e s  w e r e  weighed and t h e n  d i s s o l v e d  i n  
2 0  x i l l i l i t e r s  ( m l )  of a 1 p e r c e n t  aqueous s o l u t i o n  of sodium hydroxide.  
The s o l u t i o n s  were a l lowed  t o  s t a n d  2 0  t o  30 minutes  f o r  c o l o r  develop-  
x e n t ,  and t h e  s p e c t r a l  abso rbance  was t h e n  measured a t  a wavelength 
of 4 2 5  a i l l i m i c r o n s  on a Beckman Model D'J spec t ropho tomete r .  W i t h  
sox2 s o l u t i o n s ,  t h e  o p t i c a l  d e n s i t i e s  were t o o  h igh  t o  be measured and 
611 A Liar. w i t h  known amounts of a d d i t i o n a l  c a u s t i c  was necessa ry .  

For  i n f r a r e d  measurement,  t h e  gum r e s i d u e  was mounted on a 
sociu:: c h l o r i d e  p l a t e  immedia te ly  a f t e r  it was i s o l a t e d ,  and i t s  
spsckrux Zrox 2 t o  1 5  mic rons  was o b t a i n e d .  I n f r a r e d  measurements 
w e r e  also r e p e a t e d  a f t e r  t h e  gum r e s i d u e s  had been s t o r e d  f o r  va ry ing  
nu;nbers of days on t h e  p l a t e s .  

For  d e t e r m i n a t i o n  of  t h e  n i t r o g e n  c o n t e n t  of  a gum r e s i d u e ,  
t h e  gna was f i r s t  a l l owed  t o  s t a n d  o v e r n i g h t .  On t h e  f o l l o w i n g  day,  
t h e  weight  o f  t h e  gum w a s  de te rmined  and t h e  gum was d i s s o l v e d  by 
ad6ii-q d i l u t e  (1%) aqueous  sodium hydroxide  t o  t h e  v e s s e l .  The gum i n  
t h e  c a u s t i c  s o l u t i o n  was t h e n  reduced  w i t h  Devarda 's  m e t a l  and 
s u b s e q u e n t l y  ana lyzed  f o r  n i t r o g e n  by t h e  K j e l d a h l  method. 

R e s u l t s  arid Di scuss ion  

G u m s  w e r e  formed r a p i d l y  when N2O3 and e i t h e r  b u t a d i e n e  
o r  cyc io?en tad iene  w e r e  i n t r o d u c e d  i n t o  l i q u i d  e t h y l e n e ;  however,  t h e  

\ 
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y i e l d s  of gum v a r i e d  c o n s i d e r a b l y  w i t h  d i f f e r e n c e s  i n  t h e  mole r a t i o  
o f  N2O3 t o  bu tad iene .  I n  f a c t ,  d i f f i c u l t i e s  were encoun te red  i n  
r ep roduc ing  t h e  y i e l d  o f  gum wi th  any p a r t i c u l a r  mole r a t i o  o f  
r e a c t a n t s .  V a r i a t i o n s  were most n o t i c e a b l e  w i t h  t h e  r e a c t i o n  mix tu res  
p repa red  w i t h  bu tad iene .  Because o f  such  v a r i a t i o n s ,  t h e  r e a c t i o n  
m i x t u r e s  i n  which t h i s  compound had been i n t r o d u c e d  were d i v i d e d  i n t o  
a l i q u o t s  so t h a t  m u l t i p l e  d e t e r m i n a t i o n s  o f  t h e  gum c o n t e n t  c o u l d  be 
made. The v a r i a b i l i t y  i n  t h e  y i e l d  of gum might  be e x p l a i n e d  i f  t h e  
i n i t i a l  p r o d u c t s  formed from t h e  r e a c t a n t s  can  e i t h e r  evaporate o r  
po lymer i ze  i n t o  t h e  n o n - v o l a t i l e  gum. , 

I n  an  a t t e n p t  t o  deve lop  a method f o r  q u a n t i t a t i v e  de te rmi-  
n a t i o n  of t h e  gums, aqueous sodium hydrox ide  s o l u t i o n s  of gums were 
p r e p a r e d  and examined spectrophotcinetrically. The abso rbance  o f  l i g h t  
of 425-mi l l imicron  wavelength ( s e l e c t e d  f r o n  an  examinat ion  of  t h e  
a b s o r p t i o n  s p e c t r a  of  such  s o l u t i o n s )  was found t o  be  rough ly  pro-  
p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  of  t h e  gum, F i g u r e  1. As t h e  r a t i o  of 
n i t r o g e n  ox ide  t o  d i e n e  was i n c r e a s e d ,  however, t h e  s l o p e s  of  t h e  
Beer 's  law p l o t s  s h i f t e d  markedly and i r r e g u l a r l y ,  F i g u r e s  1 and 2. 
The t echn ique  t h e r e f o r e  cou ld  n o t  be  used  t o  e s t i m a t e  gum c o n c e n t r a t i o n s .  

S i g n i f i c a n t l y  more gun was o b t a i n e d  from c y c l o p e n t a d i e n e  t h a n  
f r o n  butadiene. For  example,  a t  a r a t i o  o f  abou t  0 .75  moles  of'N2O3 
p e r  mole of  d i e n e  ( i n  l i q u i d  e t h y l e n e )  cyc lopen tad iene  y i e l d e d  about  
0 . 5  grams of  gum p e r  gram of  d i e n e  whereas  b u t a d i e n e  y i e l d e d  on ly  
abou t  0 . 1  grams. One p o s s i b l e  r eason  f o r  t h i s  d i f f e r e n c e  may be t h a t  
t h e  produces  of t h e  r e a c t i o n  wi th  cyc lopen tad iene  a r e  less v o l a t i l e  
.and t e n d  t o  remain as r e s i d u e  upon e v a p o r a t i o n  o f  t h e  e t h y l e n e .  

As shown i n  F i g u r e  3,  a i r  appeared  t o  r e t a r d  t h e  gum 
f o r m a t i o n  when N2O3 and cyc lopen tad iene  were i n t r o d u c e d  i n t o  l i q u i d  
e t h y l e n e ,  s i n c e  g r e a t e r  y i e l d s  of gum were o b t a i n e d  when a i r  w a s  
exc luded  from t h e  r e a c t i o n  mix tu res .  
N2O3 t o  N 2 O 4 ,  which is  less r e a c t i v e  a s  a gum former .  

P a r t i c i p a t i o n  of E thy lene  i n  Gum Formation 

I t  may be t h a t  a i r  o x i d i z e s  t h e  

Under t h e  c o n d i t i o n s  of  t h e  d e s c r i b e d  tests,  no gums were 
f o r m e l  w'nen o n l y  N 2 O 3  w a s  added to l i q u i d  e t h y l e n e .  
e t h y l e n e  was found t d t a k e  p a r t  i n  t h e  gum fo rma t ion  when bo th  N2O3 
and cyc lopen tad iene  w e r e  i n t r o d u c e d  i n t o  l i q u i d  e t h y l e n e .  

N e v e r t h e l e s s ,  

When t h e  amount of  N2O3 charged  was i n  c o n s i d e r a b l e  excess o f '  
t h e  anount  of  cyc lopen tad iene ,  t h e  y i e l d  o f  gum was Cons ide rab ly  g r e a t e r  
t h a n  =:-.e amount of cyc lopen tad iene  charged ,  F i g u r e  4 .  The n i t r o g e n  
conter , t  o f . s u c h  gums was o n l y  6 . 7  t o  7.8 p e r c e n t ,  however,  i n d i c a t i n g  
t h a t  :\:;S3 d i d  n o t  comprise  t h e  major  p o r t i o n  of  t h e  gum. I t  w a s  
t h e r e f o r e  a p p a r e n t  t h a t ,  t h e  gum c o n t a i n e d  e t h y l e n e ,  and b e c a u s e  of t h e  
p a r t i c i p a t i o n  of e t h y l e n e ,  t h e  y i e l d s  o f  gum were n o t  l imi ted  by t h e  
amounts of di 'enes  a v a i l a b l e .  

Because e t h a n e  w a s  n o t  expec ted  t o  react w i t h  t h e  gum-formers 



-20 -  

a t  t h e  t e m p e r a t u r e s  exployed  ( a b o u t  -100 C), s e v e r a l  t e s t s  were made i n  
which t h e  n i t r o g e n  o x i d e  and d i e n e  were mixed w i t h  l i q u i d  e t h a n e  i n s t e a d  
of l i q u i d  e t h y l e n e .  Comparison of t h e  r e s u l t s  of t h e s e  tes ts  w i t h  t h e  
r s s u l t s  o b t a i n e d  w i t h  e t h y l e n e  gave f u r t h e r  ev idence  t h a t  e t h y l e n e  
2 a r t i c i p a t e d  i n  g m  f o r m a t i o n .  

P l o t s  05 t h e  y i e l d s  o f  gum p e r  gram of c y c l o p e n t a d i e n e  
ct .arqsd a g a i n s t  t h e  s t a r t i n g  r e a c t a n t  r a t i o s  a r e  shown i n  F i g u r e  5. 
I n  l i q u i d .  e t h a n e ,  t h e  h i g h e s t  y i e l Z  o f  gum p e r  gram of c y c l o p e n t a d i e n e  
v:as o b t a i n e d  when n e a r  e q u i m o l e c u l a r  amounts of N2O3 and cyc lopenta-  

' . d i e m  were u s e d , . a n d  i n  c o n t r a s t  t o  t h e  r e s u l t s  o b t a i n e d  w i t h  l i q u i d  
et;?yle::s, t h e  y i e l d  of sui p e r  gram o f  c y c l o p e n t a d i e n e  subsequent ly  
C s c r e a s e d  a s  th2 2 r o p o r t i o n  of c y c l o p e n t a d i e n e  charged was decreased .  

c y c l o p e n t a c i e n e  i a  t h e  t w o  l i q u i d s  i n d i c a t e s  t h a t  e t h y l e n e  was ' incorpo-  
r a t e d  i n  t h e  gux .  A s  i l l u s t r a t e d  by t h e  c u r v e s  p r e s e n t e d  i n  F i g u r e  6 ,  
t h e  gun y i e l d s  ?er gram of N2O3 charged a l s o  appeared  t o  d i f f e r  some- 
what  i n  t h e  two n e a i a .  

rl'- ~ ~ . u s ,  t h e  diverger .ce  o f  t h e  curv2s  for  t h e  gum y i e l d s  p e r  gram of 

Gus  ?or;nakion From t h e  A d d i t i o n  of N 2 0 4  and Cyclopentadiene  t o  . 
5 i c: u i 1 3 t:. 17 122 e 

G u i i s  were a l so  formed when N 2 0 4  and c y c l o p e n t a d i e n e  were 
aZded to l i q u i d  et:-.ylerie, F i g u r e  7 .  The gum-forming reaction w a s  
s i i ? i l a r  to t h a t  o b t a i n e d  w i t h  N2O3 i n  c h a t  gum of about  t h e  same 
n i t r o s e n  conter , t  w a s  produced and a t  l e a s t  some and probably  a i l ,  o f  

s s a l l s r  . 
- "  Lie gczs  c o n t a i n e d  e t h y l e n e ;  however, t h e  gum y i e l d s  were somewhat 

The qui produced  from N2O4 and c y c l o p e n t a d i e n e  i n  e t h y l e n e  
. .  conzainzc 5 . 8  t o  7 . 1  w e i g h t  p e r c e n t  n i t r o g e n ,  which w a s  about  t h e  same 

to 7 . E  w; 2 ) .  T h a t  t h e  CJL, formed from N2O4 c o n t a i n e d  e t h y l e n e  was 
evi&s;-.t f r o m  t h e  f a c t  t h a t  t h e  y i e l a s  of gum a t  t h e  h i g h e r  N204-to- 
c y c i o s a : - . ~ a a i s n e  r a t i o s  t e s t e d  w e r e  u n u s u a l l y  h i g h  f o r  t h e  amounts o f  
cycicsz:.=zdiene charged  and ,  a s  shown by t h e  n i t r o g e n  c o n t e n t  o f .  t h e  
cpxs, ::?ese u n u s u a l l y  h i g h  y i e l d s  could  n o t  b e  accounted f o r  by t h e  
? ro?orz ion  of N 2 O 4  i n c o r p o r a t e d  i n  t h e  gun.  
o f  SsC4 to c y c l o p e n t a d i e n e ,  t h e  gums a l l  c o n t a i n e d  a b o u t  t h e  same 
a e r c s n t a g e  of n i t r o g e n .  

2 s  for -:? L..L gu;ns produced from N2O3 and c y c l o p e n t a d i e n e  i n  e t h y l e n e  ( 6 . 7  

Regard less  of t h e  ra t ios  

The gum y i e l d s  w i t h  N 2 0 4  were somewhat l e s s  t h a n  wi th  N2O3, 
as i r i i c a t e d  by e x p e r i n e n t s  i n  which g.ums were produced w i t h  t h e  t w o  
r . icrogen oxiCes by p r o c e d u r e s  made as ' i d e n t i c a l  as  p o s s i b l e .  
s t 6 r t i r - S  w i t h  i . 5  moles or' t h e . n i t r o g e n  o x i d e  p e r  mole of cyc lopenta-  
cieze, =:?e y i e l d  of gun p e r  gram of c y c l o p e n t a d i e n e  was about  1 . 5  grams 
w i t h  S 2 G ;  a n 6  a b o u t  1 . 2  grams w i t h  N 2 O 4 .  

I z f r a r e Z  S x a x i n a t i o n  of Gums 

By 

- .  

I c f r a r e d  s p e c t r a  were o b t a i n e d  f o r  1 3  samples  o f  gum produced 



- 2 1  - 

by mixing cyclopentadiene and N2O3 with liquid ethylene. 
s?ectra are those of a highly unstable gum was confirmed when one of 
the freshly isolated samples "fumed-off'' after it was placed on a 
sodium chloride plate for infrared examination. Typical spectra are 
shown in Figures 8, 9, and 10 for gums produced from N203-to-cyclo- 
pentadiene mole ratios of 0.52, 2.3, and 7.7, respectively. 

That the 

In the spectra of the gum, characteristic absorptions were 
noted for several groups of atoms. Evidence of the following groups 
was obtained in all gum samples: 

(1) -OH or -NH (possibly representing hydrogen bonding). 
(2) -CH (merely indicating carbon-hydrogen linkages in 

(3) C=O (shifted in concentration and structure during 

( 4 )  -ON02 (definitely organic nitrate). 
( 5 )  -CN02 (organic nitro groups). 
( 6 )  NaN03. 

general). 

storage of samples). 

The same identifications were also made in samples prepared by passing 
N2O3 through cyclopentadiene in the absence of ethylene: however, the 
residue from the evaporation of ethylene treated with N2O3 in the 
absence of cyclopentadiene showed only the NaN03 absorption. NaN03 
is probably present in all of the samples because of a reaction of 
nitrogen oxides with the salt plate in the presence of moisture. 

The functional groups whose presence was detected (carbonyl, 
nitro, and nitrate) or suspected (5 droxyl) in the gum were among 
those found by Levy and co-workersJ~ in the products of the reaction of 
N2O3 and N2O4 with simple olefins at 0 C. 
N2O3 and an unsaturated compoune are reacted, the primary reaction is 
a sinple addition to yield products (usually several) containing nitro 
(-NO2) , nitrite (-ONO) , and nitroso (-NO) groups. Products containing 
nitrite and nitroso groups are seldom isolated, apparently because of 
their instability (if isolated from solution they usually explode) and 
ensuing secondary reactions. Nitrite groups are frequently oxidized 
by N20i to nitrate groups; however, they may also be hydrolyzed (for 
example, by water produced by oxidation) to produce hydroxyl groups 
and nitric or nitrous acid. The fate of nitroso groups is not kr.own. 
Carbonyl groups might be expected to result from the nitrogen oxide 
oxidation of carbons having nitro groups. 

According to Levy, when 

* * * 

In summary, the experimental investigations have confirmed 
=hac nitrogenous gums are formed when N2O3 or N2O4 and cyclopentadiene 
GZ butadiene are introduced into liquid ethylene. Indications were 
c5taineCi that ethylene is readily incorporated in the gum. Some of 
t?.e reaction products are apparently volatile; however, other material 
forned remains as a gmTy residue when the solvent ethylene is evapo- 
rateb. Whereas the yields of gum per unit weight of diene increase 
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w i t h  an  i n c r e a s e  i n  t h e  r a t i o  of N2O3 t o  d i e n e ,  t h e  n i t r o g e n  c o n t e n t  
of t h e  gum prepa red  f rom N2O3 and cyc lopen tad iene  i n  e t h y l e n e  w a s  5.8 
t o  7 . 1  we igh t  p e r c e n t ,  r e g a r d l e s s  o f  t h e  s t a r t i n g  r e a c t a n t  r a t i o .  
Fur the rmore ,  t h e  y i e l d s  w e r e  n o t  l i m i t e d  by t h e  amount o f  d i e n e  p r e s e n t  
b u t  o n l y  by t h e  amount of n i t r o g e n  o x i d e  a v a i l a b l e .  The y i e l d s  of gum 
r e s i d u e  were g r e a t e r  w i t h  cyc lopen tad iene  t h a n  w i t h  b u t a d i e n e  and t h e  
y i e l d s  appeared  t o  b e  f a v o r e d  by t h e  absence  o f  a i r .  I t  may be  t h a t  
a i r  o x i d i z e s  N203 t o  N 2 O 4 ,  which i s  less r e a c t i v e  as a gum former .  
I n f r a r e d  s t u d i e s  have shown what f u n c t i o n a l  g roups  a r e  p r e s e n t  i n  t h e  
gum, and t h e  s p e c t r a  o b t a i n e d  shou ld  be u s e f u l  as  r e f e r e n c e s  i n  
examining m a t e r i a l s  formed under  s i m i l a r  c o n d i t i o n s .  
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